Overcoming tumor heterogeneity is a major challenge for personalized treatment of gastric cancer, especially for human epidermal growth factor receptor-2 targeted therapy. Analysis of circulating tumor DNA allows a more comprehensive analysis of tumor heterogeneity than traditional biopsies in lung cancer and breast cancer, but little is known in gastric cancer. We assessed mutation profiles of ctDNA and primary tumors from 30 patients with advanced gastric cancer, then performed a comprehensive analysis of tumor mutations by multiple biopsies from five patients, and finally analyzed the concordance of HER2 amplification in ctDNA and paired tumor tissues in 70 patients. By comparing with a single tumor sample, ctDNA displayed a low concordance of mutation profile, only approximately 50% (138/275) somatic mutations were found in paired tissue samples, however, when compared with multiple biopsies, most DNA mutations in ctDNA were also shown in paired tumor tissues. ctDNA had a high concordance (91.4%, Kappa index = 0.784, P < 0.001) of HER2 amplification with tumor tissues, suggesting it might be an alternative for tissue. It implied that ctDNAbased assessment could partially overcome the tumor heterogeneity, and might serve as a potential surrogate for HER2 analysis in gastric cancer.
Overcoming tumor heterogeneity is a major challenge for personalized treatment of gastric cancer, especially for human epidermal growth factor receptor-2 targeted therapy. Analysis of circulating tumor DNA allows a more comprehensive analysis of tumor heterogeneity than traditional biopsies in lung cancer and breast cancer, but little is known in gastric cancer. We assessed mutation profiles of ctDNA and primary tumors from 30 patients with advanced gastric cancer, then performed a comprehensive analysis of tumor mutations by multiple biopsies from five patients, and finally analyzed the concordance of HER2 amplification in ctDNA and paired tumor tissues in 70 patients. By comparing with a single tumor sample, ctDNA displayed a low concordance of mutation profile, only approximately 50% (138/275) somatic mutations were found in paired tissue samples, however, when compared with multiple biopsies, most DNA mutations in ctDNA were also shown in paired tumor tissues. ctDNA had a high concordance (91.4%, Kappa index = 0.784, P < 0.001) of HER2 amplification with tumor tissues, suggesting it might be an alternative for tissue. It implied that ctDNAbased assessment could partially overcome the tumor heterogeneity, and might serve as a potential surrogate for HER2 analysis in gastric cancer.
A lthough the incidence of gastric cancer (GC) has decreased in the Western countries, it remains one of the most common cancers worldwide, with the highest incidence rates in Eastern Asia. In China, GC is the second most common cancer and the second leading cause of mortality among cancers, with approximately 679 100 new cases diagnosed and approximately 498 000 deaths in 2015.
(1) Treatment for GC that at early stage may include surgery, chemotherapy, radiation therapy or chemoradiation. However, treatment for advanced gastric cancer (AGC) is still challenging, most of AGC may be treated but rarely can be cured. (2) (3) (4) Although Trastuzumab has been demonstrated to increased overall survival in HER2-positive AGC patients, (5) there were only 13%-22% of GC patients have HER2 overexpression or amplification, and heterogeneous HER2 expression was observed in 71% of positive samples. (6) Therefore, taking heterogeneous HER2 expression profile into account, it may require multiple biopsies for HER2 testing in GC. However, multiple biopsies might result in unpleasant side effects and also increase the economic burden.
One alternative to overcome these issues is using circulating tumor DNA (ctDNA) for analysis. Recent progress in ctDNA has shown that it is possible to reconstruct the tumor genome from plasma. ctDNA released from tumor carries genomic and epigenomic alternations, it may be a potential surrogate to reveal gene tumor mutational spectrum. (6) (7) (8) ctDNA can be applied in detection of point mutations, copy number variation (CNV), rearrangements, microsatellite instability (MSI), loss of heterozygosity (LOH) and DNA methylation. (9) Multiple studies have shown that the mutation profile detected by ctDNA has a good concordance with paired tumor tissues, with 70% in lung cancer and 39%-55% in colorectal and rectal cancer. (10, 11) ctDNA analysis also facilitates the assessment of intra-patient multiple drug resistance mechanisms caused by tumor heterogeneity in non-small cell lung cancer (NSCLC). (12) However, in gastric cancer, if the utility of ctDNA-based assessment could overcome the intra-tumor heterogeneity is still largely unknown.
In the current study, we used next generation sequencing (NGS) to assess ctDNA status and compared mutation profile with tumor tissues. We found that ctDNA could partially represent mutation profile of multiple tumor biopsies, with overcoming the heterogeneity of gastric cancer. Finally, we confirmed the concordance of HER2 amplification in ctDNA with IHC/DISH results of paired tumor tissues. Our results thus provided a support for the utility of ctDNA in overcoming tumor heterogeneity in gastric cancer.
Methods
Ethics statement. This study was approved by the Medical Ethics Committee of Peking University Cancer Hospital and performed according to the Declaration of Helsinki Principles. Seventy patients with pathologically confirmed AGC treated in our department at Peking University Cancer Hospital between April 2010 and October 2015 were recruited. All patients signed informed consent for their samples to be used in a future study. All clinical data and samples were received anonymously.
Patients' cohort and study design. In this study, 70 patients with pretreated AGC (53 males and 17 females; median age, 57 years; range, 29-76 years) were enrolled. In 30 patients of them, matched plasma sample and single tumor tissue biopsy were obtained. Both sample types conducted targeted sequencing using a 483 cancer-related genes panel, and the concordance between which was compared. To further explore whether plasma ctDNA can overcome tissue heterogeneity, another five patients with AGC each provided five tumor tissue biopsies and one paired plasma sample, the samples were also tested using NGS. To evaluate the performance of HER2 amplification in ctDNA, other 35 patients with single tumor tissue and paired plasma sample were enrolled. In total, plasma samples from 70 patients were sequenced for HER2 CNV using a 483 genes panel, and paired tumor tissue biopsies conducted HER2 test using dual-color in situ hybridization (DISH) and immunohistochemistry (IHC) as reference. We compared the concordance of HER2 status to explore the performance of HER2 amplification detection in ctDNA. The patients' clinical data including sex, age, primary tumor site, differentiation, Lauren classification, metastasis and therapy status were also collected from the medical records. Table 1 summarizes the patients' characteristics. All blood samples (10 mL from each patients) and tumor tissue samples were collected simultaneously.
HER2 amplification detected using immunohistochemistry and dual-color in situ hybridization. HER2 protein expression was tested using anti-HER2/neu antibody (4B5; Roche, Basel, Switzerland) by IHC staining according to a previous report. (13) HER2 amplification was determined using Ventana HER2 dual-color ISH assay (DISH; Ventana Medical Systems, Inc., Tucson, AZ, USA). Amplification of HER2 by DISH was defined as a ratio HER2/CEP17 ≥2.2, and two independent specialists who were blinded to the study read the result.
Genomic DNA extraction, library preparation, and sequencing. Genomic DNA was extracted from tumor tissues using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). 10 mL peripheral blood samples were collected in cfDNA BCT tubes (Streck Laboratories, Omaha, NE, USA), stored at room temperature and processed within 72 h. Each tube was centrifuged at 1600 g for 10 min at 4°C. Pellets containing peripheral blood lymphocytes were stored at À20°C for future use. Aliquots of plasma were centrifuged at 16 000 g for another 10 min. ctDNA were extracted from plasma using a QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany), and genomic DNA from peripheral blood lymphocytes was extracted using the RelaxGene Blood DNA System (TianGen Biotech Co. Ltd., Beijing, China) which was used as a putative of germline mutation to filter variants in plasma. All DNA samples were stored at -80°C for future use after quantification with a Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA) or quantitative polymerase chain reaction. A DNA library was prepared using a KAPA Hyper Prep Kit according the manufacturer's instruction (KAPA BIOSYS-TEMS, Boston, MA, USA), followed by Agilent's SureSelect XT Target Enrichment System for Illumina Paired-End Sequencing Library Protocol (Agilent Technologies, Santa Clara, CA, USA). An Agilent QPCR NGS Library Quantification kit (Agilent Technologies) was used to quantify the concentration of the DNA library, and DNA libraries with an average insert size of 150 bp (tumor tissues and lymphocytes) or 170 bp (plasma) (Fig. S1 ) were sequenced on an Illumina HiSeq 2000 system (Illumina, San Diego, CA, USA).
A custom designed panel, which covered 483 cancer-related genes, were used in this study. All genes including 7011 exons (483 genes) and 94 introns from 18 genes that frequently rearranged in solid tumors (gene list in Table S1 ).
Sequencing quality control and alignment. The quality control was performed by filtering out the adapter sequences and lowquality reads, and the final Q20 and Q30 of all samples were >90% and >85%, respectively. The sequencing reads were aligned to the human reference hg19 genome using the BWA software with default parameters, and duplications were marked with Picard. The alignment's results required coverage of the target region >99% and the mapping rate ≥95%. Average depth per sample required at least 2009 in tissue samples and lymphocytes, while at least 10009 in plasma.
Variants calling. The workflow of gene variation calling was shown in Fig. S2 . Pre-alignment QC was performed by inhouse software for each sample. Clean reads were obtained after trimmed adaptor sequence and low mapping quality reads. Reads aligned to reference hg19 were performed with BWA. Germline mutations, somatic single nucleotide variants (SNVs) and somatic insertions and deletions (InDels) were called using Samtools, Mutect, and Strelka, respectively. Somatic mutations were determined using the following filters: (i) the minimum average sequencing depth of the target for tissue samples was at least 2009 and at least 10009 for plasma DNA; (ii) the minimum number of reads carrying the mutation was ≥5; and (iii) variant allele frequency ≥0.2%. Considering the false negative of Mutect results, the mutations with the following criteria were retrieved: (i) mutation frequency of ctDNA <1%; (ii) reads in plasma and tumor tissues samples carrying mutations >10; (iii) mutations those listed in COS-MIC database. All of these variations were annotated with ANNOVAR software. The CNV analysis in this study was performed using Event-Wise Testing algorithm based on read depth of coverage according to previous report. (14) To detect CNV, a neutral copy number level of each exon of each gene must be established by comparison with the matched lymphocyte sample.
Statistical analysis. Statistical analysis was performed using SAS software, version 9.2 (SAS Institute, Cary, NC, USA). The concordance of HER2 amplification between tumor tissue and plasma ctDNA was analyzed by Kappa and McNemar's tests. Values of P < 0.05 on a two-sided test were considered statistically significant.
Results
Somatic mutations in tumor and matched plasma samples of 30 patients with AGC. Considering high heterogeneity in tumor tissue of gastric cancer and somatic genetic mutations can be detected in ctDNA, we firstly assessed the concordance of gene mutation profiles between tumor tissue DNA (tDNA) and plasma ctDNA, a total of 30 tDNA and paired ctDNA samples were both sequenced using a 483-gene panel. We assessed the gene-level concordance between tumor tissue and ctDNA. The four most commonly altered genes in both tumor tissue and ctDNA were TP53 (15/30, 12/30), FGF14 (3/30, 2/30), SMAD4 (3/30,2/30), PIK3CA (2/30, 3/30). There was no significant difference between tumor tissue and ctDNA on genelevel. We then calculated the number of somatic SNVs and InDels detected in tDNA and ctDNA or in both sample type, and considered the overlap mutations between each paired sample in each sample. In a total, there were 220 and 275 somatic SNVs in tDNA and ctDNA, respectively. There were 138 overlap somatic SNVs. For the somatic InDels, it identified 13 and 10 mutations in tDNA and ctDNA and the overlap mutation was 8 ( Fig. 1 and Table S2 ). Half of somatic SNVs (50%, 137/275) which detected in ctDNA were not found in tDNA and 37% (82/220) of somatic SNVs detected in tDNA were neither in ctDNA. Low concordance between tissue tDNA and plasma ctDNA was noted.
ctDNA overcomes heterogeneity in tumor tissue samples. Since the varied concordance between ctDNA and tDNA of 30 patients, we next analyzed heterogeneity in tumor tissue and evaluated whether ctDNA could overcome heterogeneity in AGC. A total of 25 tumor tissues and five plasma samples derived from five patients (five tumor biopsies and one paired plasma sample per patient) were analyzed by NGS. Based on our results, tumor heterogeneity was identified in each patient. From these five patients, we discerned that the numbers of somatic SNVs and InDels in the plasma samples differed from those of the paired tumor tissues; however, the mutated genes identified in the plasma were all detected in one or more matched tumor tissues, which demonstrated that plasma ctDNA could partially overcome tumor heterogeneity ( Table 2) .
Concordance of HER2 amplification between tumor tissue and plasma ctDNA. We further assessed HER2 amplification using ctDNA from all the 70 AGC patients, and compared with IHC/DISH results of HER2 expression level in paired tumor tissues, which was considered as a golden standard method in clinical-pathology. As shown in Table 3 , in this 70 patients' cohort, it identified 20 patients with HER2 amplification in ctDNA, 16 of which were consistent with tumor tissue tested by IHC/DISH; in other 50 patients without HER2 amplification in ctDNA, two of which was positive in tumor tissue tested by IHC/DISH. However, in 52 patients without HER2 overexpression by IHC/DISH test, we identified four of which with HER2 amplified in ctDNA. The overall concordance rate between tDNA and matched plasma ctDNA was 91.43% (64/ 70), with a sensitivity of 88.89% (95% CI: 63.93%-98.05%), and specificity of 92.31% (95% CI: 80.60%-97.51%). The Kappa test showed no statistically significant between ctDNA 
Discussion
Gastric cancer patients overexpressed HER2 had a clinical benefit of targeted therapy, thus it is essential to identify HER2 status before therapy. (15) Previously studies had reported that high intra-tumor heterogeneity in AGC lead to discordant results between IHC and FISH or between endoscopic biopsy and excisional tumor specimens, (16) which suggested to use multiple biopsies to confirm the HER2 status. One alternative to overcome these issues is using ctDNA for analysis. Herein, we showed ctDNA could partially overcome tissue heterogeneity and could be used for HER2 assessment for AGC patients.
In present study, we compared gene mutations to explore the concordance between single tumor biopsy and paired ctDNA sample. In 30 AGC patients, the concordance between tDNA and ctDNA was lower than which in NSCLC. For those mutations only found in tDNA but not in plasma ctDNA, it might be caused by dilution of the genomic DNA from necrotic white blood cells which released into the blood. (17) Besides, the amount of ctDNA likely associated with tumor burden, status of metastasis, vascularity, cellular turnover, and response of therapy. (18, 19) For mutations only detected in ctDNA, it might be due to the heterogeneity of GC. (20, 21) Multiple tumor biopsies and paired plasma samples from five patients were systematically analyzed in this study. Of these five patients, different degrees of heterogeneity were observed; moreover, both intra-and inter-tumoral heterogeneity was seen. It showed that single tumor biopsy could not represent entire tumor genetic profile. A previous study showed that at least four tumor biopsies were required to predict HER2 status precisely. (22) In clinical practice, tumor heterogeneity is an important factor resulting in treatment failure; however, no definite strategies have been created to avoid tumor heterogeneity due to numerous risk factors on gastric cancer heterogeneity containing genetic or epigenetic factors. (20) In multiple tumor biopsies, altered genes identified in the plasma were all detected in one or more matched tumor tissues, which implied that plasma ctDNA with a more comprehensive mutation profile than single tumor tissue biopsy may be a potential material to overcome tumor heterogeneity in AGC.
The feasibility of detecting HER2 amplification using ctDNA has been described in other methods except NGS. Shoda et al. (23) recently provided new approach to detect HER2 amplification in ctDNA by using droplet digital PCR (ddPCR). The ddPCR measured whether amplification has occurred in a droplet, and determined CNV by assessing the number of positive droplets for HER2 and reference gene RPPH1, while the NGS determined CNV by comparing read depth of HER2 exome region between tumor sample and normal sample. The reported sensitivity of HER2 amplification detected by ddPCR in ctDNA was 73.3%, which indicated that ctDNA could be used as a noninvasive approach for evaluation of HER2 status.
HER2 gene is overexpressed or amplified in approximately 13%-22% of gastric cancers, (24)(6) which has been found to promote tumorigenesis and is associated with poor prognosis in several human cancers. (25) Accurate assessment of HER2 status is mandatory, for selecting patients who may benefit from targeted therapies with anti-HER2 drugs such as Trastuzumab. The gold standard was based on tumor biopsy tested by IHC/FISH or other in situ hybridization methods, however, to overcome tumor heterogeneity and the inconvenience of obtaining multiple tumor biopsies for AGC, a non-invasive yet convenient method for HER2 detection was still needed. HER2 amplification determined in plasma ctDNA was analyzed in our cohort of 70 patients by NGS, which had an overall concordance of 91.43% compared to IHC/DISH in tissue. In all 70 patients, there were four cases of HER2 positive detected in ctDNA only, only one of them accepted Trastuzumab therapy and determined a stable disease status. This Sample  T1  T2  T3  T4  T5  pl  T1 shared  with pl   T2 shared  with pl   T3 shared  with pl   T4 shared  with pl   T5 shared  with pl   Number of Somatic SNVs  35  13  9  12  8  10  7  7  7  7  7  7  3 6  1  6  0  1  0  2  1  2  0  1  0  37  56  42  37  39  30  45  36  40  35  35  25  38  11  10  12  10  10  1  1  1  1  1  1  3 9  1  1 0  0  0  9  1  0  1  0  0  1  Number of Somatic InDel  3 5  4  5  3  4  5  5  4  5  3  4  5  3 6  0  1  1  0  0  0  0  0  0  0  0  3 7  3  3  2  3  3  3  3  3  2  3  3  3 8  2  2  2 (26) but the correlation between HER2 amplification of plasma ctDNA and Trastuzumab response in this work was not analyzed due to loss of follow-up in most Trastuzumab treated patients. That is, whether patients only detected in ctDNA with HER2 amplification could benefit from targeted therapy or not, it still needs validation in large prospective clinical trials.
The present study had several limitations. The small patient population does not allow us to draw more concrete conclusions regarding the concordance of ctDNA and tumor tissue. The mutated genes identified in the plasma were all detected in one or more matched tumor tissues only in the five patients who received multiple biopsies. Larger studies are needed to validate that plasma ctDNA could overcome tumor heterogeneity. Another limitation is that since most patients were lost to follow-up, we had no direct evidence to show whether ctDNA detected mutation affected patient therapy and what was the response of these patients. A comparison of plasma HER2 CN status with tumor HER2 status determined using samples from multiple sites would be stronger evidence to support that ctDNA in overcoming heterogeneity.
In conclusion, here we compared the somatic mutation detected from of plasma ctDNA and paired primary tumors in patients with AGC using targeted next-generation sequencing. Heterogeneity and homogeneity co-existed in gastric cancer tumor tissues and paired plasma, and plasma ctDNA could partially overcome the tumor heterogeneity. Our results imply that tumor tissues and paired plasma samples could be complementary and that both should be examined in the future era of precision medicine.
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